ABSTRACT Quenching of the intensity and lifetime of porphyrin fluorescence from Mbda Fe and Hbd, Fe (iron-free myoglobin and hemoglobin) by oxygen was investigated using a multifrequency cross-correlation phase fluorometer.
INTRODUCTION
During the past decade fluorescence quenching experiments have contributed substantially to our understanding of internal dynamics of proteins (see reference 1 for a recent review of the literature in this area). The information available from such studies has generally been limited to a characterization of the quenching process in terms of static and dynamic contributions; many details of this process still remain obscure. The additional information required includes the partition coefficient for the quencher between the protein and solvent phases, the rate of acquisition of the quencher by the protein, a description of the migration of the quencher in the protein interior' and the details of the distribution of quenchers throughout the protein ensemble. Additional useful information can be derived from the effect of solvent viscosity upon the migration of quencher in the protein interior.
In an effort to obtain this information, we have studied the quenching by molecular oxygen of the porphyrin emission of Mbd" Fe and Hbd Fe, the iron-free derivatives of myoglobin and hemoglobin, respectively (note that the absence of iron precludes the binding of oxygen to the heme moiety). The choice of oxygen is suggested by the Dr. Jameson's present address is the Department of Pharmacology, University of Texas Health Science Center at Dallas, Dallas, TX 75235 well-established fact that oxygen is a nonpolar, unity quencher that diffuses readily within the protein interior (2) . The choice of Mbd, Fe and Hbd, Fe as protein systems and oxygen as quencher is justified considering both the intrinsic importance of these proteins as oxygen carriers in biological systems as well as the wealth of structural information available. Furthermore, the relatively long lifetime of the porphyrin fluorescence turned out to be an essential feature for the interpretation of the results as discussed in the preceeding article where the theory of the quenching process in globular proteins was developed. The effect of solvent viscosity upon quenching was studied by the addition of sucrose (40% wt/wt) to the protein solutions, which increased the bulk viscosity by a factor of 6 (3).
MATERIALS AND METHODS
MbdV-Fe and Hbd-S Fc were prepared from horse myoglobin (Sigma Chemical Co., St. Louis, MO) and human hemoglobin, respectively. The refolding of the apoglobins after the heme extraction was carried out in 0.01 M bis-Tris buffer, pH 6.0. The association of the globins with protoporphyrin IX (Sigma Chemical Co.) was done according to previously published procedures (4) . The final step in the purification of Mbda Fe differed from that of Hbda Fe, though. In lieu of the CMC-52 chromatographic step Mbdes Fe was dialyzed for 12 h at 40C against distilled water (I volume sample for 100 volumes water) and then passed through a mixed-bed resin (model No. AG 501, Bio-Rad Laboratories, Richmond, CA). These procedures removed the excess porphyrin as well as any aberrent porphyrin-protein adducts. The quality of the final products was investigated with several techniques including chromatography, ultracentrifugation and absorption and emission spectroscopy.
All quenching experiments were done in 10 mM potassium phosphate buffer, pH 7.0, at 200C ± 0.20C with protein concentrations near 5 x 10'6 M. At this concentration, the Mbdes Fe and Hbd`k Fe exist in the momomeric and tetrameric forms, respectively, as shown by sedimentation coefficients and fluorescence polarization data. Oxygen quenching was performed using a pressure cell similar to that described by Lakowicz and Weber (5); solutions were maintained in a quartz fluorescence cuvette that was 2 cm on each side. Pressure of the gas over the solutions were determined with a Roylyn precision gauge (0-1,500 psi [pounds per square inch] scale) (Roylyn Rueher Precision, Santa Ana, CA.). The sample was stirred continuously with a magnetic stirrer that achieved equilibration between gas and solution phases in <1 h. The sample was illuminated only during the fluorescence measurement period that lasted a few minutes at each oxygen pressure. No alterations in the visible region of the absorption spectra of Mb"' Fe and Hbde Fe were evident under 1,500 psi of oxygen; similar results were obtained for deoxyhemoglobin under 1,500 psi of nitrogen and oxyhemoglobin under 1,500 psi of oxygen. The solubility of oxygen in water and in a 40% aqueous sucrose solution at 200C is 9.38 x 10' M/psi and 6 x 10' M/psi, respectively (6). The sucrose (Schwarz/Mann, Orangeburg, NY) was twice recrystallized from an ethanol-water solution. The visible absorption spectra and the porphyrin emission spectra of Mbda Fe and Hbd' Fe were not altered by sucrose addition. Also, addition of 40% sucrose to a hemoglobin solution did not alter the cooperative aspect of the oxygen binding, nor was the magnitude of the Bohr effect altered. The absence of energy transfer among the porphyrin moieties of the different subunits of Hb"'d Fe was demonstrated by polarization data. Specifically, Perrin plots for the porphyrin polarization at various excitation wavelengths yielded PO (limiting polarization) values identical to those obtained for dilute solutions of protoporphyrin IX in propylene glycol at -550C (7).
Fluorescence lifetime measurements were performed with a multifrequency cross-correlation phase fluorometer, the operational details of which have been reported (8) . The measured quantities, T7 and TM, represent the lifetimes measured by phase delay and demodulation of the emission relative to a scattering signal. For the experiments described in this report the laser was tuned at 501 nm. The modulation frequencies chosen were 6, 12, 18, 24, 30, and 36 MHz. The porphyrin emission was observed through a 1/4-meter grating nomochromator (Jarell Ash, Div. Fisher Scientific Co., Waltham, MA) set at 630 nm with a bandwidth of 3 nm. A Corning 2-64 (Corning Medical and Scientific Medfield, MA) filter was interposed between the sample and the monochromator to further reject scattered light and the plasma discharge from the laser tube. The reference signal for the phase and modulation measurements was derived from scattered light observed through the monochromator set at the illuminating wavelength (with the filter removed). A stable, accurate reference signal could be obtained from the intrinsic Rayleigh scatter of the sample solution, which rendered addition of foreign scattering materials such as glycogen unnecessary. The fluorescence intensity was measured on the same apparatus for each value of the oxygen pressure. The laser was operated in the light control mode, and the average excitation intensity, measured by a reference photomultiplier, remained constant for the duration of the experiment. The light intensity utilized did not lead to photobleaching effects in this system. Slow removal of the oxygen resulted in complete recovery of the initial lifetime values.
RESULTS
The experimental data for Mbd,S Fe Table I , while Fig. 1 shows the traditional mode of presentation for such data by phase (r') and modulation (rM) were identical at all modulation frequencies, indicating a homogeneous emitting population (9) . As the oxygen pressure increased, the lifetimes determined by phase and modulation became different and dependent upon the modulation frequency, indicating a heterogeneous emitting population. The data were analyzed according to the model described in the preceding article (10) . The phase and modulation data were fit using a nonlinear least-squares routine described elsewhere (1 1). The equations for the model proposed in the preceding article were derived for the case of pulse excitation, while the experiments described in this report were performed using a phase and modulation fluorometer. The corresponding equations for sinusoidal excitation can be derived from the following considerations. The impulse response of the system is described by a sum of exponentially decaying components (Eq. 7 of reference 10): (1) where ai is the amplitude and mi the characteristic decay rate for each component. The sine and cosine transforms of the impulse response (9) are given by
where w (= 2irf) is the angular modulation frequency.
The general expressions for the S(w) and G(w) functions are then (9) S(W) = Zf W/(W2 + m,2) G(w) = Ef,ml/(w2 + mi2) (4) (5) where f is the fractional intensity of each component defined by fi = (aj/mj)/(aj1/mj) (6) where the index j runs over all components.
For each value of the frequency one may calculate a value for the modulation ratio and phase delay in terms of the functions S(w) and G(w):
The function minimized by the least-squares routine was (9) where oX and ai' are the standard deviations associated with each measurement (11) . The superscripts ex and c indicate measured and calculated values, respectively, We compared the quality of the fit of experimental data to the theoretical curve using the expression SQM = (LS)'12/N (10) where N is the number of measurements for each set of (11, 12) . Three parameters were obtained (Table II) Table III .
DISCUSSION
The interpretation of the complete quenching curves is complex, and, as discussed in the preceeding article (10), we distinguish here between two regimes, namely, the low and high quencher concentration regimes. We limit our initial discussion to the analysis of data from the low quencher concentration regime where consideration of the details of the quencher distribution in the protein ensemble is not important. We first consider the physical interpretation of the phenomological parameters, k+, k-, and X. We must distinguish at the outset the different physical interpretation of these parameters for the case of fluorophore free in solution and for the case of proteins, a distinction pointed out in the preceeding article. For the case of free fluorophore in solution, k+ corresponds to the rate of association between quencher and fluorophore. For the protein case we do not envision a well-defined quencher-protein complex , but rather we picture k+ as the rate of acquisition of quencher by the protein; we shall not specify the microscopic details of this acquisition process. We note, however, that several microscopic processes may be important and may occur contemporaneously. The actual values obtained for k+ in our experiments represent average values that will limit the possible microscopic scenerios.
Similar considerations apply for the k-term that, in the case of free fluorophore, corresponds to the dissociation rate of the complex, but in the case of proteins corresponds to the exit rate of quencher from the protein. The term X, in the case of free fluorophore, corresponds to the rate of deactivation of the excited state regardless of mechanism. In the case of a fluorophore buried in the protein interior, however, the quenching process requires the migration of the quencher through the protein matrix to the vicinity of the fluorophore. Our viewpoint is that this migration process requires rapid fluctuations in the protein matrix. The actual measured values of x represent an average for the many possible migration processes that may be operating contemporaneously.
We comment now on the actual magnitudes of our measured parameters, k+, k-, and X. The values for k+, obtained from the initial slope of the mo vs. oxygen concentration plots, were determined with a relatively high precision (see Table III (16) . The values of k-(and X) have larger uncertainties than the k+ values, since m, was determined with less precision than mo and since k-and x are mutually dependent in our data analysis. The values given in the literature for kgenerally refer to equilibrium and kinetic dissociation measurements for oxygen binding to the heme. Values for the rate of oxygen exit from the protein matrix of myoglobin are provided by flash-photolysis experiments (14) . However, different values are presented in those studies ranging from 106 s-' to 109 s-', which depend upon the model utilized. Comparison of our k-with the literature is not, then, straightforward.
The ratio k+/k-can yield the average number of oxygens per protein; these values are reported in Table III for Mbdes Fe and Hbd,S Fe in the presence and absence of sucrose. We note that the units of k+ are M-'s-' where M`refers to the concentration of oxygen in the solution.
Because protein concentration was very low compared with oxygen concentration, the rate constant became pseudofirst order. Our k+ term, then, accounts for the difference in the solution oxygen concentration in the presence and absence of sucrose. We note that although the k+/k-ratio appeared independent of the nature of the solvent, the kterm had a large uncertainty that precluded a rigorous statement about these ratios. The general magnitude of these ratios, however, allowed us to evaluate the partition coefficient a for oxygen between equal volumes of protein and solvent; these coefficients, reported in Table III , (protein to solvent) range between 0.3 (Mbd« Fe) and 0.6 (Hbdes Fe). The ratio k+ [Q] /k-gave the average number of oxygen molecules per protein, and the partition coefficient was evaluated from solubility data on oxygen in water and sucrose solutions and from the protein volume that was taken as 44 liters * mol' and 12 liters * mol-for Hbd,S Fe and Mbdes Fe, respectively. The values obtained for the partition coefficient indicate that oxygen does not accumulate substantially in the protein interior, contrary to some points of view that hold that protein interiors are highly hydrophobic and readily accumulate oxygen. Knowledge of the partition coefficient does not reveal the details of the distribution. Certainly, regions of the protein exist (rigid domains for example) that would not accommodate significant amounts of oxygen, whereas other regions may be more hospitable.
We note that the oxygen concentration in the protein must be in equilibrium with the gas phase; addition of sucrose then should not perturb this equilibrium unless the protein characteristics are modified. Our observed changes in k+ and k-for Mbd, Fe and HbdV' Fe in the presence and absence of sucrose suggest that some dynamic mechanism responsible for the magnitude of these individual rates is solvent dependent. Whether the primary cause involves the effect of solvent viscosity on the protein dynamics (17) (18) (19) , the hydration at the protein surface or some other aspect of the protein interior is not evident at this time.
The values obtained were used to calculate an apparent bimolecular quenching rate constant, k*pp, in the protein interior, assuming free diffusion. To obtain k*pp we divided
x by the apparent molarity of oxygen in the protein
interior. This approach leads to rather large values for k*pp, ranging from -109 M-'s-' to 1010 M-'s-', as shown in Table III . These values compare well with the bimolecular quenching constant found for many globular proteins (2) . If a smaller volume is accessible for free diffusion than the volume of the entire protein, then a lower k*pp value would be obtained. Presumably some regions or domains of highly organized secondary structure can inhibit oxygen diffusion. If only one-tenth of the protein interior is accessible, then the calculated k* in Table III will be a factor of 10 too large. This observation merits particular attention, since k* is used to estimate the time scale for fluctuations of the protein structure that permit migration of oxygen inside the protein matrix. We also note that X appears to be effected by solvent viscosity. Such an effect is predicted (18) on the basis of a theory for the coupling between the solvent and the protein dynamics and has been observed (19) , but the uncertainties in our values preclude a rigorous comparison with theory at this point. At present, we may only speculate on the microscopic origins of the rates k+, k-, and X. Entry or exit of a small uncharged molecule from the protein interior may depend upon several mechanisms such as energy barriers at the protein surface due to the hydration shell, gate-like mechanisms including specific movements of amino-acid residues, or general fluctuations or dynamics of the protein structure. The microscopic details of the migration process in the protein interior that determine x may be described by a discrete number of energy barriers, a discrete number of specific pathways, or a more general, random-walk type mechanism, the character of which may vary in different protein regions. Clearly, elucidation of these processes requires more experimental details including the effect of solvent modification, temperature, and quencher properties. Up to this point, the discussion has concerned only data obtained in the low quencher concentration regime. In the high quencher concentration regime, the details of quencher distribution add a new aspect to the analysis (see preceeding article). At present, attempts to take these factors rigorously into account seem premature.
As shown in the preceeding article (10) (21) . Although xenon has a higher polarizability than does oxygen and would thus better interact with protein residues, these results demonstrate the existence of cavities in myoglobin and hemoglobin sufficient to accommodate a molecule the size of molecular oxygen.
In conclusion, the main result of our observations is to demonstrate the importance of the fluorophore lifetime in determining the characteristics of the quenching process.
Previous observations have shown that these characteristics are indeed very different for the quenching of pyrenebutyrate-bovine serum albumin adducts, which is evident at oxygen pressure of under one atmosphere, and for the quenching of the short-lived tryptophan fluorescence of many proteins, which requires tens of atmospheres of oxygen pressure. In the quenching of our porphyrinproteins the intermediate aspects linking these two oxygen concentration regimes became apparent. We can follow the transition from one regime to another and observe the consequent increase in the complexity of the process. We now need to take cognizance of both the rate of penetration of oxygen in the protein interior and its further migration to the fluorophore. The former rate is the prime determinant of the quenching phenomena of the long lived pyrene fluorescence and the latter rate is dominant in the quenching of tryptophan fluorescence.
